Background--Recent estimates of the global burden of rheumatic heart disease (RHD) have highlighted the paucity of reliable RHD mortality data from populations most affected by RHD.
R
heumatic heart disease (RHD) is a disease of social disadvantage and deprivation. Over the past 60 years there have been impressive declines in the prevalence of RHD throughout the industrialized world, including Australia, mainly as a result of improvements in socioeconomic conditions (including reduced household crowding) and access to health services. These improvements have yet to be seen in many developing countries and in Indigenous populations in developed countries. Indigenous populations in developed countries frequently live in deprived settings and face issues of lower living standards similar to populations in developing countries. 1 An RHD systematic review done as part of the Global Burden of Disease Study 2010 found very few RHD mortality data sets available globally, and only 4 countries-Australia, New Zealand, India, and Ethiopia-had any recent populationbased data. [2] [3] [4] [5] [6] Attempts to determine global RHD mortality have relied on mathematical models to infer global estimates using data either from the United States in the 1950s 7 or from the above 4 countries. 8 Australia is one of the few settings with a high-RHD-incidence population (Indigenous Australians) that also has access to good cause-specific mortality data, which could assist with global understanding of RHD mortality in the 21st century. Nonetheless, there are few data with which to examine mortality in the Indigenous population and only a limited number of reports examining RHD mortality internationally. 4, [9] [10] [11] Indigenous Australians make up 2.5% of the total Australian population; live predominantly in conditions of social, economic, and environmental disadvantage; and often have poor health status compared with non-Indigenous Australians. Life expectancy of Aboriginal and Torres Strait Islander men is estimated to be 10.6 years lower than that of non-Indigenous men, and life expectancy of Aboriginal and Torres Strait Islander women is 9.5 years lower than that of non-Indigenous women. 12 Approximately 89% of the total Australian Indigenous population lives in 5 states of Australia: the Northern Territory (NT), Queensland, South Australia, Western Australia, and New South Wales. The NT population has the highest proportion of Indigenous Australians (30.4%) compared with all other Australian states or territories, in which Indigenous Australians compose <4% of the population.
In the NT, 92% of those with RHD are Indigenous, and 85% of those live in remote communities and towns. Indigenous persons living in the NT have the highest reported RHD incidence globally. 13, 14 Australia has a comprehensive system of recording mortality and has produced accurate and detailed statistics on RHD mortality for several decades. 15 This system has demonstrated a decline in total RHD death rates in Australia over the past 4 decades; however, these RHD mortality statistics disguise the excess mortality from RHD among Indigenous persons because specific mortality rates are not reported for Indigenous Australians. In addition, Indigenous status is not always recorded, or recorded correctly, in death registrations in most states and territories, meaning that the number of deaths registered as Indigenous is an underestimate of the actual number of deaths among the Indigenous population. In the NT, Indigenous death identification has been at a consistently high level since at least 1977, meaning that mortality rates in the Indigenous population for RHD can be determined accurately for the NT Indigenous population since that time. 16 This study was undertaken to provide a comprehensive examination of RHD mortality rates and trends in Indigenous Australians.
Methods
Australia has almost complete registration of deaths and reliable classification of cause of death. Reliable Indigenous identification data have been available for the NT since 1977 and for 4 other jurisdictions since 1997 (New South Wales, Queensland, South Australia, and Western Australia, referred to hereafter as the 4 states). Indigenous identification in death registrations remains unreliable in 3 jurisdictions (Australian Capital Territory, Tasmania, and Victoria), which were not included in this study. The 4 states plus the NT (the 5 states) account for 89% of the total Australian Indigenous population. 16 We undertook 3 separate analyses using vital statistics data from Australian death certificates. The first was a comparison of Indigenous and non-Indigenous death rates and time trends in RHD mortality in the NT for the 29 
Statistical Analysis
We calculated the number of RHD deaths, the age-specific death rate (in age groups 0 to 4, 5 to 24, 25 to 44, 45 to 64 and ≥65 years), and the age-adjusted death rate. The population data used to calculate mortality rates was the Estimated Resident Population (by Indigenous status, sex, 5-year age group, and calendar year) of each state or territory, published by the Australian Bureau of Statistics. 17 The age distribution of the 2001 Australian Estimated Resident Population was used as the standard weight for calculation of age-adjusted rates. Ratios of age-standardized death rates are not presented because of the large differences in mortality rate ratios between age groups. We tested for but did not find evidence of linearity in time trends, particularly in terms of changes in International Classification of Diseases (ICD) coding. RHD death rates for Indigenous populations were compared with those for non-Indigenous populations by age group and sex. Time trends were examined by calculating mortality rates for 3 periods (1977-1986, 1987-1996, and 1997-2005) . Death rate ratios (DRR) were calculated using the agespecific mortality of the NT Indigenous population compared with the non-Indigenous population of the 5 states.
Multivariate negative binomial regression was also used to analyze RHD mortality. The regression model for the NT between 1977 and 2005 included terms for Indigenous status (Indigenous compared with non-Indigenous population), age of death (per single year of age), sex (female compared with male), and year of death (in single calendar years) and 2 interaction terms, Indigenous status by age at death and Indigenous status by year of death. The interaction terms were included because the effects of age at death and year of death were found to be different for Indigenous and nonIndigenous persons. In the regression analysis, the term for age at death was based at age 50 years (the median death age), and year of death was based at 1991 (the midpoint of the study period).
The regression model for other analysis (ie, 1997-2005) was the same except that age was included in 5-year age groups and year of death was not included because analysis of time trends was not feasible for the shorter 9-year period.
For most analyses, we included only deaths in which the underlying cause of death was RHD (including acute rheumatic fever (ARF)). The underlying cause of death was coded using ICD version 8 (until 1978), version 9 (1978-1998) , and version 10 (1998 onward). Only ICD-10 death data were coded for both associated and underlying cause of death. Death data were not available after 2005. We undertook a separate analysis comparing RHD as the underlying cause of death with RHD as the associated cause of death across all 5 states to investigate the extent to which RHD was contributing to deaths but was not identified as the single underlying cause.
All data were analyzed using Stata software (version 11; StataCorp). All mortality rates are expressed per 100 000 person-years. Ethics approval was granted by the human research ethics committee of the NT Department of Health and Menzies School of Health Research, including its Indigenous subcommittee (HREC number 10-1488); the human research ethics committee approved the use of statutory death data without participant consent.
Results

RHD Mortality in the NT, 1977-2005
For the period 1977-2005, there were 280 deaths in the NT due to RHD as the underlying cause; 253 (90%) were among Indigenous persons, and 164 (59%) were among women. The difference in age-specific death rates was higher for all age groups when comparing Indigenous and non-Indigenous persons, with the largest difference seen in the 5-to 24-year age group with a rate ratio of 43.1 (95% CI 14.7 to 143.2). For Indigenous persons, RHD death rates increased with increasing age and were higher for women than for men in all age groups. Non-Indigenous women had a higher death rate than non-Indigenous men at all ages, at 19.2 compared with 10.5, respectively, in the those aged ≥65 years (Table 1) . For non-Indigenous persons, death rates were low for all age groups except those aged ≥65 years. The highest DRR (206.2) was seen in Indigenous women aged 25 to 44 years. Over the 29 years of the study period, a decline in the ageadjusted death rates was evident for both Indigenous and non-Indigenous persons. The Indigenous rate (men and women combined) decreased from 33.5 per 100 000 in 1977-1986 to 25.3 per 100 000 in 1997-2005 (Table 2) . On multivariable analysis, the RHD death rate for women was 34% higher than for men (Table 3 ). The effect of age at death and year of death was found to be different for Indigenous and non-Indigenous persons. For non-Indigenous persons, RHD death rates increased by 10% per 1-year increase in age and decreased by 7% per year between 1977 and 2005. For Indigenous persons, the increase in death rates with year of age was much less (4% per year of age), and there was minimal if any decrease in RHD death rates between 1977 and 2005 (DRR 0.98, 95% CI 0.97 to 1.00).
RHD Mortality in NT Indigenous Versus Other Indigenous and Non-Indigenous Australians, 1997-2005
For the period 1997-2005, RHD death rates were much higher for Indigenous persons in the NT than in the 4 states combined ( Figure) , and both were much higher than rates for nonIndigenous persons. Age-specific death rates were higher for Indigenous persons in the NT than in the 4 states combined for all age groups and for both men and women, with the largest relative differences in the younger age groups (Table 4) .
On multivariable analysis, between 1997 and 2005, the RHD death rate (estimated at the median age of 50 years) was much higher for Indigenous Australians in the NT (54.8 times higher, 95% CI 41.6 to 72.3) and in the 4 states combined (12.7 times higher, 96% CI 10.1 to 16.1) than for nonIndigenous Australians (Table 5 ). The increases in death rates with age and for women compared with men were similar for the NT and the 4 states in both analyses.
RHD Mortality in the 5 States, 1997-2005
Between 1997 and 2005 there were 1753 deaths with RHD as the underlying cause of death, of which 187 (10.7%) were among Indigenous persons (69 men and 118 women) and 1157 (66%) were among women. The age-specific rates were higher for Indigenous persons in all age groups ( Table 6 ). The DRR peaked in those aged 5 to 24 years and remained considerably elevated in those aged 25 to 44 years. The DRR remained elevated, although less so, in the older age groups. Multivariate analysis of the 5 states (estimated at the median age of 50 years) showed that the RHD death rate for the Indigenous population of the 5 states combined was 18.9 times higher than that of non-Indigenous Australians.
RHD mortality by underlying and associated cause in the 5 states, 1997-2005
The majority of Indigenous persons who died from RHD had RHD recorded as the underlying cause of death rather than as an associated cause of death; 64% of RHD deaths in the NT and 58% in the other 4 states were among Indigenous persons. Only a small proportion of RHD deaths in Indigenous persons occurred in those aged ≥65 years. The opposite was the case for non-Indigenous persons with RHD: The majority of deaths occurred in those aged ≥65 years (81%), and among those patients, only 17% of deaths were recorded with RHD as the underlying cause. Overall, in the non-Indigenous population, the majority of deaths were due to RHD as an associated rather than an underlying cause. 
Discussion
Indigenous Australians are much more likely to die from RHD than other Australians. Rates of death from RHD among Indigenous persons in the NT exceed those of other states in Australia and those reported in many industrialized countries more than a century ago. 18 An Indigenous person living in the NT of Australia is 54.8 times more likely to die of RHD than a non-Indigenous person. RHD mortality was 50% higher for women than for men among both Indigenous and nonIndigenous persons, and that finding is consistent with other evidence of higher RHD mortality in women. 10, 19, 20 The excess RHD mortality of the NT Indigenous population (compared with the non-Indigenous population) is at least partly due to poorer living conditions and household overcrowding. 21 Poorer access to health care for the large proportion of the NT Indigenous population that lives in remote areas may also play a role. 22, 23 These same factors may also explain the excess RHD mortality of Indigenous persons in the NT compared with those elsewhere in Australia; the disparities between Indigenous and non-Indigenous Australians in living conditions, overcrowding, and proportion of people living in remote areas is greatest in the NT. 22 Excess mortality is mostly due to higher incidence of RHD and partly due to more severe disease, both of which contribute to the increased disease burden among Indigenous persons. The disparity in the distribution of the burden of RHD disease contributes to the gap in life expectancy of Indigenous persons in the NT. In recent years, a number of initiatives have been undertaken to address this disparity including the establishment of the NT Rheumatic Heart Disease Register in 1996 and the commitment of the Australian government to a seminational RHD control program: RHDAustralia.
Increased mortality from RHD in young people is seen elsewhere in high-prevalence, resource-poor countries, although limited population-based mortality data are available to quantify this observation, and further studies are Over time, RHD mortality in Australia has decreased much more for the non-Indigenous population (7.4% per year) than for the Indigenous population (1.8% per year). Non-Indigenous Australians were also more likely to die from other causes, with RHD contributing as an associated, rather than the underlying, cause of death. This example highlights how health indicators are improving more slowly for Indigenous persons than for nonIndigenous Australians, contributing to a widening of the gap in health outcomes such as life expectancy. Non-Indigenous persons were more likely to die in their elderly years of associated-cause RHD mortality (59% of total non-Indigenous RHD deaths were from RHD as an associated cause). RHD deaths among Indigenous persons occurred in much larger proportions at younger ages and as the underlying cause.
These data suggest that non-Indigenous persons are living longer with disease and die from associated factors, possibly because those affected with severe disease as children died many years ago when RHD was prevalent in the nonIndigenous population, whereas Indigenous young people are still dying with RHD as a direct cause of disease. 27, 28 In the NT during the study period, the accuracy of death certification was high, demonstrated by studies with linked data sets of census and mortality data. 29 The accuracy of death certification data for the 4 other states studied is less certain. In the NT, RHD awareness is greater than in other jurisdictions because of the high RHD prevalence and the RHD control program that has been in existence since the late 1990s. The NT RHD control program has seen many cases of preexisting but undiagnosed RHD identified and registered. This suggests that there may be similar cases in Western Australia, Queensland, South Australia, and New South Wales because none of those states had registers or control programs in place during the data analysis period. There may be people with RHD who died or whose RHD was either unknown or not thought to have contributed to their death, and this proportion may be greater in the other 4 states than in the NT. This study has a number of limitations relating to data access, Indigenous identification, and ICD coding. The most recent year for which complete data (by year of death, not year of registration) were available for this study was 2005 because access to Australian cause-of-death data for deaths registered after 2007 has not been possible because of legal and bureaucratic issues that have taken many years to resolve. A new process to request access for research and population health-monitoring purposes commenced in mid-2014. We relied on vital statistics data, and cause of death may not be perfect on death certificates.
Due to the relatively small number of deaths from RHD, the confidence intervals presented are wide ( Table 1) . The difference in rates of mortality from RHD among the Indigenous and non-Indigenous populations studied was large, but ratios should be interpreted with this limitation considered.
The accuracy of Indigenous identification in death data is less reliable in the 4 states than it is in the NT, and the NT is the only state or territory with reliable Indigenous identification since the 1970s. Indigenous identification in death data from the NT has a reported accuracy of 98.8%, whereas Indigenous status in the other states' death data may be underestimated by 15%.
30
Another factor that may have influenced the accuracy of the data for the 29-year period in the NT were the 2 changes in ICD coding. In 1997 there was a change in ICD coding from ICD-9 to ICD-10, which resulted in some artifactual variation in disease coding. The comparability with ICD-9 has been assessed by the Australian Bureau of Statistics. 31, 32 Changes in coding may contribute to an underestimation of mortality rate and may falsely suggest a decline. The change in ICD-10 coding appears to have produced a step in the decline in mortality from 1997 to 1999, but we found that the effect of the change in coding was less than expected and did not appear to produce a statistically significant change. There were inherent limitations in the multivariate analysis model. The model makes assumptions that the linear effect of age and time and the effect for all predictors are assumed to be constant over time, except for the effect of Indigenous status. Our model, however, did not account for the change over time in the relative rates for various age categories or for sex.
This mortality study provided a comprehensive review of RHD mortality in Australia, with a focus on understanding the disparity in mortality between Indigenous and non-Indigenous 
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